& The effective tire-pavement contact area affects the relative damage of asphalt pavement and should be incorporated in both mechanistic and empirical response analyses of pavements. A new machine called ROTOCOM Wheel Tracker (RCWT) was designed and fabricated to capture the effective tire contact area apart from slab compacting, and conducting simulative laboratory wheel tracking tests. The main focus of this paper is laboratory measurement of effective tire contact areas for various tread patterns. Seven tire treads were selected for the footprint image analyses at five tire loads and four tire inflation pressures. An image processing MATLAB-based program was coded to calculate the contact areas of the 280 imprints obtained from both sides of the RCWT. Factorial analysis indicated significant effects of tire tread, tire load, and inflation pressure on the resulting contact area. Comparison between effective and traditional contact areas indicated that the current pavement design procedure with traditional circular contact area extremely overestimates the actual tire-pavement contact area up to 92%.
INTRODUCTION
The tire-pavement contact area is an influential factor which affects the relative damage to pavement and should be properly incorporated in pavement response analysis. Traditional contact area (TCA), full contact area (FCA), and effective contact area (ECA) are the three common tire-pavement contact areas but are of different orders of magnitude. In this article, the realistic effective contact areas for various tread patterns were measured and the significant existing differences between various contact areas were highlighted. Traditional contact area is the ratio of tire load (TL) over tire inflation pressure (TIP) which is assumed a full circular contact area. Full contact area is the elliptical contact area of a bald or worn-out tire without any grooves (control sample). Effective contact area, which is the actual contact area, equals the full contact area of a tire minus the tread areas (void areas).
Tire-pavement contact area studies showed that the traditional contact area was larger than the actual area, since it considers a full circular contact area between the tire and the pavement. [1] In addition, both circular and equivalent rectangular contact areas overestimated the net contact area. [2] Therefore, the necessity of incorporating the actual area has been suggested in the literature. [3, 4] The authors presented that even the trivial difference of 6-10% between traditional and effective contact areas led to relatively significant difference in terms of induced pavement damage. [4] Different methods have been used so far to capture tire imprint. In a study by Marshek et al., [5] eight inked tires were statically loaded over a piece of paper with a load frame. The inked imprints were then read by a digitizing camera and the obtained data was stored by a data acquisition system. In their study, tire-pavement contact areas were measured by digitizing database in Grinnell Imaging System. Following the experiment Pezo et al., [6] conducted a further study on four statically loaded tires to capture the imprints of these inked tires on a white paper covered over a steel plate. A transparent grid paper was then placed on the print to count the shaded squares in order to calculate the real contact area. A regression model was also developed to correlate the actual area with traditional contact area.
In a study by De Beer et al., [7] tire footprints were captured under static loading at different tire loads and inflation pressures for used 425=65 R22.5 R160AZ and new 425=65 R22.5 R164BZ wide-base tires. In a study by Fernando et al., [8] blackboard paint was applied on the surface of the tested tire. It was then lowered to a white grid paper placed on top of a steel plate and loaded through the heavy vehicle simulator (HVS). Researchers scanned and calculated the effective tire contact area using an image processing computer program. A number of regression models were developed to determine the relationships between the realistic tire contact area, tire load, and tire inflation pressure.
Although the effect of tire load, tire inflation pressure, tire type (bias-ply, radial), and tire size on the resulting contact area have been investigated in the literature, the resulting contact areas from various tire tread patterns itself have not yet been evaluated. In this article, the realistic contact areas of seven different tread patterns, including Dunlop Ec201, Dunlop SP Sport J3, Sime Astar 100 produced by Continental tire company; GPS2 produced by Goodyear; PBZ1800 produced by Silverstone; and B250 produced by Bridgestone tire company besides a completely worn-out tire, were investigated. The six selected tread patterns are the most common 16 R. Muniandy et al.
ones for 155=70R12 passenger car tires. Statistical analyses results indicated that significant differences exist between various tread patterns, different tire load and tire inflation groups. Finally Dunlop Ec201, Dunlop SP Sport J3, Sime Astar 100 and the completely worn-out tire were categorized as tread patterns with low, intermediate, high and extremely high actual contact areas. In addition, it was concluded that the traditional contact in the current pavement design procedure extremely overestimates the actual tire-pavement contact area.
ROTOCOM WHEEL TRACKING ASSEMBLY
A rotary compactor and wheel tracking equipment called ROTOCOM Wheel Tracker (RCWT) was designed for initially compacting the asphalt mixtures to the desired density and then conducting simulated laboratory wheel tracking tests. This equipment was designed to prepare and test heavy-duty asphalt mixtures in slab form. The test setup was based on an already developed rotary compactor. [9] In the RCWT, the inlet pressure can be adjusted via a pressure regulator, as shown in Figure 1 . For the tire arm, the applied load is controlled by the channeled air coming into the air cylinders installed above the tires. These cylinders are aluminum medium-duty air cylinders with 80 mm bore size and 200 mm stroke which conform to DIN ISO 15552 specifications.
[10]
The two mounted load cells capture the exact magnitude of the load on the top of each tire in both moving (wheel tracking test) and stationary (footprint capturing) situations. Inlet pressures of 200, 300, 400, 500, and 600 kPa were used which corresponded to 1.50 AE 0.36 kN, 2.00 AE 0.65, 2.50 AE 0.80, 3.00 AE 0.80, and 3.50 AE 0.10 kN of stationary tire loads, respectively. The tire footprints were captured at five tire load groups of 1.50 kN, 2.0, 2.5, 3.0, and 3.5 kN as well as four tire inflation pressures of 137.90 kPa, 172.37, 206.84, and 241.32 kPa for 7 different tire tread patterns of the same size. For each tire imprint, the exact magnitude of the load and tire inflation pressure was recorded. A 40 channel data acquisition system with 20 single-ended analog inputs, 16 digital input=outputs, and 4 frequency=pulse inputs was used to capture the sensor output signals. In the analog slot, 16 out of 20 single-ended inputs were used by 2 Linear Variable Differential Transformers (LVDTs), 2 load cells, 2 vertical asphalt strain gauges, and two wire thermocouples. In the RCWT equipment, the LVDTs and load cell outputs were transferred through the slip ring setup, as shown in Figure 1 . This setup consists of a rotor and stator part in which the rotor part is connected to the sensors, installed on the rotating arm, and the stator part is connected to the data logger. In the footprint analysis, only load cell outputs were captured.
CALIBRATION OF THE LOAD CELLS
22.24 kN high-accuracy load cells with nonlinearity, hysteresis, and creep (1 hr) value of 0.03% of the full capacity and repeatability of 0.02% of the full capacity were used in this setup. The two mounted load cells below the bearing shaft of each air cylinder were calibrated, using a recently calibrated CBR machine, before installation. The CBR machine and Marshall Stability equipment, in the user-defined mode, were able to apply the load with low increment rate (0.5 mm=min). Changes in the load were then plotted against the output voltage in the data acquisition system to obtain a calibration chart. Finally, as shown in Figure 2 , the calibration chart was used to convert the voltage output to kiloNewtons. For each footprint test and before applying any load, the load cells were zeroed to omit the internal resistance of the sensors during installation or environmental changes which affect the readings from the load cells. 
PROCEDURE OF CAPTURING TIRE IMPRINT AND CALCULATING THE CONTACT AREA
As illustrated in Figure 3 , two rigid plates with standard A5 paper (100 gsm) on the top of each plate were used to capture the tire imprint of both sides. The whole perimeter of each tire was marked with the intervals equal to the estimated area of contact. As such, the whole tire surrounding was subjected to footprint capturing. The area between the marks was then painted using Robot duplicating ink. This fast-drying super emulsion ink is black in color. This ink was selected based on the resolution comparisons between various paint and ink products. During the testing both tires were painted simultaneously with a fixed amount of duplicating ink to reduce inadvertent errors. Using this procedure, the obtained footprints were found to be very clear and free of any image noises (no smear of the ink) which made the contact area and tire grooves clearly evident. Based on the appearance of the obtained footprints, significant improvement was achieved, compared to previous studies, in terms of images clarity. The footprints were then scanned and analyzed using a MATLAB-based image processing program to calculate the effective contact area based on the shading intensities of the pixels read. For instance, Figure 4 shows the ability of the image processing program to recognize the full and effective contact areas. This imprint was captured for Sime Astar 100 tread at 3.5 kN of loading and 206.84 kPa of tire inflation pressure. Contact areas for other test conditions were determined in a similar fashion.
The developed image processing program eliminated the necessity of capturing footprints on grid papers which cause some errors due to the sensitivity of pixel analysis.
FACTORIAL ANALYSIS FOR EFFECTIVE TIRE CONTACT AREA
280 imprints were captured, from both sides of the RCWT, for 7 tread patterns at 5 tire loads and 4 tire inflation pressures. In order to study the effect of tire tread patterns, tire loads and tire inflation pressures on the resulting contact area; a three-way balanced factorial analysis (7 Ã 5 Ã 4) was performed to test the null hypotheses for the main and interaction effects. Null hypotheses in the three-way factorial ANOVA assume no significant difference between various tread patterns, tire load, and tire inflation pressure groups, and no interaction between the three factors. Full factorial Table 1 , the null hypotheses were rejected and significant differences were found between various tread patterns, tire loads, and tire inflation pressure groups (Sig. < 0.05). For instance, the mean actual contact areas of both tires across all the tire loads and tire inflation pressures were 70.03 cm 2 and 121.61 cm 2 for Dunlop Ec201 and worn-out treads, respectively (54% difference). Furthermore, the mean actual contact areas for the lower and upper levels of tire load were 53.06 and 107.89 cm 2 and for the lower and upper levels of tire inflation pressure were 92.17 and 71.16 cm 2 . Therefore, the differences between the actual mean contact areas were up to 68% and 26% between lower and upper levels of tire load and tire inflation pressure, respectively.
It was reported that eta squared of 0.0099 constitutes a small effect, 0.0588 a medium effect, and 0.1379 a large effect. [11] Therefore, all the factors had large impact on the resulting contact area and tire load exhibited the highest effect followed by tire tread and tire inflation pressure, respectively. Eta squared values showed that approximately 51% of variation in the actual contact area was explained by tire load, 37% by tire tread, and 9% by tire inflation pressure. In total, the R squared value indexed the adequacy of the analysis model and 97% of data variability was explained by the exploited predictors in the developed model. Based on the existing significant difference between factors levels, the Tukey Honestly Significant Difference Test was evaluated in the post-hoc test. The post-hoc results showed that all the five levels of tire load and four levels of tire inflation pressure were significantly different. In addition, tire tread patterns were divided into six significantly different groups. Among these six groups, Dunlop Ec201, Dunlop SP Sport J3, and Sime Astar 100 with minimum, Effective Tire Contact Areaintermediate, and maximum effective contact areas as well as the completely worn-out tire were selected for further wheel tracking performance study by the RCWT equipment in a separate study.
REGRESSION MODELS FOR VARIOUS TREAD PATTERNS
In order to obtain the exact value of actual contact area for a tread pattern at a specific tire load and tire inflation pressure, researchers have examined the variations of tire contact areas with tread pattern, tire load, and tire inflation pressure and developed a few regression models. Actual contact areas for different tread patterns in Figure 5 were sorted in ascending order and significant increase was seen for the control sample. A 13% difference was found in average between the effective areas of Dunlop Ec201 and Sime Astar 100 tread patterns and 54% between Dunlop Ec201 and the control tread.
Generally, the contact area increased with increasing tire load and decreased with increasing tire inflation pressure. Based on the obtained results in this study, increasing the tire inflation pressure from 137.90-206.84 kPa (50%) caused a reduction of 17% in the actual contact area. In addition, increasing the tire load from 2-3 kN (50%) caused 42% increase in the actual contact area. Almost similar increase rate was reported by Castillo et al. [14] Marshek et al. [5] reported a 30-35% increase in the tire contact area when 50% increase in the axle load had been applied. In the same study, a 8-20% reduction in the contact area was reported for 50% increase in the tire inflation pressure. Further reductions of 34 and 26% were reported for steering and rear dual tires when the tire pressure had increased from 350-770 kPa. [12] The Goodyear Tire and Rubber Company also reported similar findings for the super singles. [13] Linear behavior for various tire load levels and almost parallel data points for the different levels of tire inflation pressure is seen in Figure 5 . This trend indicates that simple linear model is appropriate to evaluate the relationships between the actual tire contact area, tire load, and tire inflation pressure. Before multiple regression analysis, the effective contact areas were subjected to normality test. In addition, the error term had a normal distribution with a mean of zero and the variance was constant across the predicted values (heteroscedasticity check). Finally, regression equations in Table 2 were developed. All the regression models had high coefficient of determination (R 2 ). High R square values indicated the strength of the prediction equations.
CURRENT PAVEMENT DESIGN PROCEDURE AND CONTACT AREA ASPECT
Unrealistically in the current pavement design procedure, the ratio of tire load over tire inflation pressure is used as the tire-pavement contact area. Theoretical comparison (240 cases) between traditional and full contact areas of the six tested treads (excluding the worn-out tread) in Figure 6 indicates that in most of the cases, the traditional contact area was larger than the full contact area except for low tire load and high tire inflation pressure combinations which are not recommended by the tire industry. Therefore, using such a very large contact area in the current pavement design procedure is misleading. For instance the mean contact areas, across all tire loads and tire inflation pressures, were 70.03 cm 2 for Dunlop Ec201 and 134.42 cm 2 for traditional contact area (based on the theoretical calculation). Since the relationship between the contact stress and the pavement relative damage is not linear but exponential, even trivial differences in the contact area will lead to significant differences in pavement relative damage. Finally, the current pavement design procedure with traditional circular contact area overestimated the actual tire contact area up to 92%. Accordingly, the induced stress on the pavement is extremely underestimated if effective contact area is not incorporated.
CONCLUSIONS
The newly developed ROTOCOM Wheel Tracker (RCWT) was used for capturing tire imprint. Seven different tire tread patterns were used and a total of 280 imprints were captured from both sides of the RCWT at five tire loads and four tire inflation pressures. In order to provide clean, clear and noise-free footprints, a special duplicating ink was recommended. The established MATLAB-based image processing software was able to calculate the effective, full, and traditional contact areas of the captured imprints.
Statistical analysis indicated that the actual contact area was significantly influenced by tire tread pattern, tire load, and tire inflation pressure in which tire load exhibited the highest effect followed by tire tread and tire inflation pressure. In the final developed model, approximately 51% of variation in the contact area was explained by tire load, 37% by tire tread, and 9% by tire inflation pressure. Among the tested tread patterns, Dunlop Ec201, Dunlop SP Sport J3, Sime Astar 100, and the completely worn-out tire were categorized as tread patterns with low, intermediate, high, and extremely high actual contact areas. In order to obtain the exact value of actual contact area for a tread pattern at a specific tire load and tire inflation pressure, a few regression models with high coefficient of determination (R 2 ) were developed. High R squared values in the regression models indicated the strength of the prediction equations. In addition, coefficients of the regression models indicated significant increases in the actual contact area of the worn-out tread. This was due to 54% difference between the actual contact areas of Dunlop Ec201 and the control tread. Based on the obtained results in this article, increasing the tire inflation pressure from 137.90-206.84 kPa (50%) caused a reduction of 17% in the actual contact area. In addition, increasing the tire load from 2-3 kN (50%) caused a 42% increase in the actual contact area.
Finally, it was concluded that the current pavement design procedure with the traditional circular contact area overestimates the realistic contact area up to 92%. Accordingly, the induced stress on the pavement is extremely underestimated if effective contact area is not incorporated.
